carbamate, or through the process of lipid peroxidation [8] . The difference between an ethano and etheno adduct is in the saturation of the C7=C8 double bond in the 5-membered exocyclic ring (see Figure 1 ). Thus far, very few studies have been undertaken to determine the mutagenic potential of these ethano adducts in vitro and in vivo, although the immediate consequences of these adducts on replication, if unrepaired, are anticipated to be polymerase blockage, base substituions or frameshift deletions since the exocyclic ring disrupts Watson-Crick hydrogen bonding. EC, when synthesized and site-specifically incorporated into an oligonucleotide [9] , was found to be primarily a blocking lesion with miscoding potentials when replicated by E. coli DNA polymerase I [10] . Recently, an oligonucleotide with a site-specific EA was also synthesized using phosphoramidite chemistry [11] . Subsequent studies by Hang et al. using several mammalian DNA polymerases such as pol α, β, η, and ι, showed that although there is a measurable extent of error-free nucleotide incorporation, all these polymerases primarily misinsert opposite EA, suggesting that the adduct is mutagenic [12] .
The first repair study on an ethano adduct was performed by Habraken et al. who reported the release of N 2 ,3-EG by the purified E. coli AlkA protein (3-methyladenine DNA glycosylase II) [13] . The same enzyme was also found to act on its structural analogue, N 2 ,3-6 ethenoguanine (N 2 ,3-εG) [14] . Recently, we found that the human alkylpurine-DNA-Nglycosylase (APNG), a functional homologue of AlkA, excises the EA adduct at a rate that was considerably lower than that for εA excision [15] . Over the years, in addition to AGT, the potential role of DNA glycosylases in protecting cells from CNUs has been studied [16] [17] [18] [19] [20] . It seems that, at least in some of these studies, DNA glycosylases such as APNGs could contribute to such protection, but the molecular mechanisms have not yet been clear.
In contrast to the ethano adducts, there is considerably more information on the mutagenicity and repair of their etheno counterparts. The activity excising 3,N 4 -ethenocytosine (εC), a highly mutagenic lesion [21] , was first identified in HeLa cells [22] .
This activity has now been identified as the thymine-DNA glycosylase (TDG) in humans [23] [24] [25] and its homologue in E. coli, mismatch-specific uracil-DNA glycosylase (Mug) [23] [24] [25] . Both enzymes were so named since they were originally found to remove uracil and/or thymine from DNA duplexes when paired with guanine [26] [27] [28] [29] . The recombinant human TDG also excises T from O 6 -methyl G•T and 2-amino-6-(methylamino)purine•T mispairs [30] . Recently, Mug protein was also found to efficiently remove 8-(hydroxymethyl)-3,N 4 -ethenocytosine (8-HM-εC) [31] , a potential product resulting from glycidaldehyde reaction.
Most recently, human TDG was shown to excise an oxidized base, thymine glycol (Tg), 7 from a Tg•G mispair [32] . These data indicate that the Mug/TDG proteins have a broad substrate specificity.
1,N 6 -ethenoadenine (εA), also a highly mutagenic lesion [21] , is a substrate for E. coli
AlkA protein as well as its homologues in yeast and mammalian cells [24, 33] . These proteins represent a family of enzymes with probably the broadest substrate range among DNA glycosylases covering a structurally diverse group of DNA lesions [34, 35] . Recently, 1,N 2 -ethenoguanine (1,N 2 -εG) was found to be efficiently excised by E. coli Mug and also a substrate for human APNG, which is structurally unrelated to Mug [36] . In another study, Mug could also remove εA but with extremely low efficiency [37] . These results demonstrated that there is certain degree of overlap in specificities of the AlkA/APNG and Mug/TDG families, but in general they recognize purine and pyrimidine lesions, respectively.
Recent rapid progress in crystallizing DNA glycosylases has greatly enhanced our knowledge of how these enzymes selectively recognize chemically modified bases. Both
Mug [38] and AlkA [39, 40] have been crystallized and several co-crystal structures also solved [41, 42] . These studies showed that both enzymes bend DNA and flip out the damaged base into the active site where the glycosylic bond cleavage takes place. From the detailed 8 analysis of these protein and protein-DNA structures, attempts have been made to find general structural requirements for recognition of all the known substrates as well as specific interactions for an individual substrate.
In monofunctional glycosylase (e.g. Mug or AlkA)-initiated base excision repair (BER) in E. coli, the apurinic/apyrimidinic (AP) site produced by a glycosylase is further processed by either exonuclease III (Exo III) or endonuclease IV (Endo IV) [35, 43] . The latter two enzymes have similar substrate specificities, but do not share sequence homology [35] . Exo III is the major AP endonuclease of E. coli and is responsible for about 90% of the AP activity in E. coli crude extracts [44] [45] [46] . The interaction between DNA glycosylases and AP endonucleases has been of considerable interest in recently years [43] . It has been found that, similar to several other glycosylases, the Mug protein acts toward its substrates in a single turnover mode as a result of its strong affinity for the product AP site [47] . Addition of Endo IV can enhance the Mug activity by promoting dissociation of the tightly bound
Mug protein from the AP-containing DNA, leading to a significantly increased turnover of the glycosylase [31, 47] .
In this work, we investigated the recognition and excision of EC and EA in defined oligonucleotides using purified E. coli DNA glycosylases. -ethano-dA phosphoramidite and its site-specific incorporation into defined oligonucleotides was previously described by Maruenda et al. [11] . 1,N 6 -Etheno-dA phosphoramidite was purchased from Glen Research (Sterling, VA). Both derivatives were placed at the 6 th position from the 5'-end of a 25-mer sequence using an Applied Biosystems
Materials and Methods

Oligodeoxynucleotide substrates
Model 394 automated DNA synthesizer (see Figure 3A sequence 
Enzymatic assays
An oligomer cleavage assay [31] was used to test glycosylase-mediated cleavage of radiolabeled oligomers containing a site-directed exocyclic base. Briefly, oligonucleotides, modified and control, were 5'-end labeled with [γ- 
Molecular modeling
A set of force-field parameters for the etheno adducts of dC and dA and ethano adduct of dA were previously developed using ab initio quantum mechanical calculations which was reported in our earlier publications [15, 31, 48] . In this work, the EC adduct was built by modifying the C7=C8 double bond at the exocyclic ring into a single bond. The coordinates for EC were geometry optimized and atom-centered charges were obtained from the ab initio Hartree-Fock calculations using 6-311G* polarization basis set in The εC-DNA/Mug and EC-DNA/Mug complexes were generated using the crystallographic coordinates for E. coli Mug co-crystallized with the oligonucleotide
TCGCG-3') [42] . The βFU moiety was replaced with the geometry optimized cytosine adducts (εC or EC). The resulting complexes were solvated and subjected to a series of the MD runs, which include several steps of equilibration holding solute fixed and a 2 ns of unrestrained production runs (for procedure details see Guliaev et al. [15] ). For all MD simulations, the electrostatic interactions were calculated with the particle-mesh-Ewald method [50, 51] using 1 Å charge grid spacing with B-spline interpolation and sum tolerance of 10 -6 Å. A 12 Å cutoff was applied to the Lennard-Jones interactions and SHAKE algorithm was used to all X-H bonds [52] with the 2 fs time step. The final structures representing the conformational family of the DNA/Mug complexes were generated by averaging the MD trajectories based on RMSD profiles (from 0.6 ns to 2 ns).
The atom coordinates were stored every 1ps.
The DNA structures were analyzed using CURVES 5.1 software [53] and visualized with INSIGHT II (Biosym/MSI, San Diego, CA). The MD trajectories for the DNA/enzyme complexes were processed using the analytical modules of AMBER 7.0 and Visual Molecular Dynamics (VMD) program [54] . All calculations were performed on a Silicon Graphics Origin 2000 server interfaced with a dual processor Octane workstation (Silicon Graphics Inc., Mountain View, CA). The 3D figures were generated using the VMD and Raster3D [55] software.
Results
Recognition and excision of EC by the E. coli Mug protein
We first tested the excision of EC by the Mug protein which was reported to recognize the analogous εC adduct. As shown in Figure 2A , Mug catalyzed a protein-dependent cleavage of the 15-mer containing an EC (lanes 4 to 9, left). However, the extent of excision of EC was much less than that of the corresponding εC adduct (lanes 11 to 16, right). Mug is shown in Figure 2B , in which the comparison was also made between the rates of EC and εC excision under the same assay conditions. Excision of EC was approximately 20
times slower than that of εC.
We further tested the effect of the opposite base on the specific glycosylase activity toward EC, as it has previously been shown that a glycosylase activity can be significantly affected by the nature of the base opposite a damaged base (e.g. [25, 31, 56] ). As shown in Figure 2C , Mug was capable of cleaving EC when the adduct being paired with A, G, C, or T, but differed in its specificity toward these modified base pairs. The Mug protein preferentially excised EC from EC•G and had lower activity toward EC when the opposite base was a pyrimidine base, T or C.
In order to examine whether there is any other known glycosylase(s) which may also possess activity toward the EC adduct, we tested various available E. coli DNA glycosylases.
This includes both monofunctional glycosylases (AlkA, Ung, MutY) and glycosylases/AP lyases (Fpg, EndoIII and EndoVIII). Under the experimental conditions used, Mug appears to be the only glycosylase to specifically excise EC among the enzymes tested (data not shown).
Recognition and excision of EA by E. coli AlkA protein
The AlkA protein, which has been known to excise εA, was also shown to excise EA. Figure 3A shows the cleavage of the 25-mer EA-oligomer as a function of protein concentrations (lanes 3 to 6), which leads to a 5-mer product, the same size as that from the εA cleavage. Similar to EC vs. εC activity of Mug, the extent of EA excision by AlkA was much less than that of εA (lane 4 and lane 8 contained same amount of AlkA, 15 ng).
Kinetics of the AlkA activity ( Figure 3B ) shows that excision of EA was about 20 times slower than that of εA. In separate experiments, addition of a second aliquot of fresh AlkA protein during the course of reaction could increase the rate and extent of excision of EA (data not shown). Similar to Mug, the activity of AlkA was also influenced by the nature of base pairing at the adduct site ( Figure 3C ). When other available DNA glycosylases (see 3.1.) were examined for an ethano activity, the AlkA protein was the only glycosylase in E.
coli that acted on EA under the assay conditions used (data not shown). There was no detectable overlapping of activities toward EC or EA between the Mug and AlkA protein.
Stimulation of Mug activity by 5' AP endonucleases
E. coli Endo IV has been shown to be able to stimulate Mug activity toward such substrates as U•G, εC•G and 8-HM-εC•G [47, 31] . In this work, Endo IV showed a similar effect on the excision of EC by Mug. As shown in Figure 4A , the Mug activity toward EC was increased by ~2.3-fold after co-incubation with Endo IV for 30 min. In addition, we demonstrated that Exo III could also stimulate the Mug activity against EC ( Figure 4A ).
Moreover, the stimulation of the Mug activity by Exo III was much higher (~6.2-fold after 30 min) than that by Endo IV when equimolar amount of proteins were used (6.4 nM for both Endo IV and Exo III). In these experiments, the molar ratio of Mug to oligomer substrate was chosen to be under protein-limiting condition (1.2 nM Mug and 3.2 nM oligomer duplex) in order to observe enzyme turnover. Figure 4B showed that the stimulation of Mug EC activity by Exo III was strongly dependent on the Exo III concentrations used. When 1-, 4-or 16-fold Exo III was added with a constant Mug concentration (1.2 nM), the rate of EC excision by Mug increased accordingly. Note that neither Endo IV nor Exo III had any detectable effect on the EC adduct (data not shown). In the case of EA, similar experiments are not included since a much higher concentration of the AlkA protein had to be used in order to obtain measurable excision activity through denaturing PAGE and subsequent phosphorImaging, which would lead to single turnover reactions. Figure 5 shows conformations of the geometry optimized structures of εC and EC ( Figure 5A ) and the structures of the adduct-containing base pairs ( Figure 5B ). For both ethano dC and dA adducts, the change from the double bond at the C7=C8 position to a single bond changed the conformation of the extra exocyclic ring. Saturation of the extra ring resulted in displacement of one of the ring carbons outside the plane (C7 for both EC and EA), which produces the envelop form of the 7,8-dihydro imidazole ring ( Figure 5A ).
Structural studies using molecular dynamics simulations
3.4.1.Conformation of the DNA duplexes at the lesion site
The displacement of the C7 carbon in EC was slightly larger than in EA [15] and can be explained by the lower degree of conjugation in the EC adduct.
The structural differences between the etheno and ethano adducts did not change conformation of the lesion in our modeling study ( Figure 5B) and were previously reported in our molecular modeling work for the εA and EA adducts [15] . No hydrogen bonds were 
DNA/Mug complexes
The availability of the crystal structure of Mug complexed to DNA-containing a nonhydrolysable substrate analog βFU [42] , enabled us to use it in our simulations. It has already been proposed that εC can be easily accommodated in the Mug active site [42] . In this work, the stability of εC at the active site was confirmed by performing the MD simulation of the Mug-εC substrate complex. The structure generated by the replacement Figure   6B ).
Discussion
The data shown in this work is, to our knowledge, the first demonstration that the two ethano adducts, EC and EA, are substrates for E. coli Mug protein and AlkA protein, respectively. These exocyclic adducts are produced by the reaction of DNA bases with CNUs such as BCNU and CCNU [1, 2] . Although their biological role in causing cytotoxicity and/or carcinogenesis is still not clear, there is some in vitro biochemical evidence [10, 12] suggesting that these lesions may block DNA synthesis and/or miscode in DNA replication.
The Mug/TDG proteins have relatively broad substrate specificities, mainly in repair of modified/altered pyrimidine bases. The current finding that CNU-derived EC adduct is also and εA [37] , with εC being the best substrate. This suggests that Mug may recognize certain common feature(s) of these structurally related exocyclic adducts and could be one of the primary glycosylases responsible for repair of this important group of DNA lesions.
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The AlkA/APNG proteins also excise a large structurally diverse group of substrates and their role in repair of etheno adducts drew much attention in 1990s since these lesions are so different from their originally identified substrates such as N-3-and N-7-alkylated bases [60] . The AlkA protein is known to recognize a number of base modifications produced by CNUs thus far, including several 7-alkylguanines, N 2 ,3-EG and the cross-link, 1,2-bis(7-guanyl)ethane [13, 61, 62] , and now EA from this work. However, whether any of these activities has physiological importance is not yet known.
It is also noticed that the Mug protein usually has higher activities towards its exocyclic To date, there is no clear evidence for the in vivo repair of CNU-induced modifications by a specific glycosylase that could increase cellular resistance to these agents. It is now well established that AGT can prevent formation of the dC-dG cross-link in DNA, thus reducing the toxicity of CNUs [63] . However, data from various studies on the role of APNGs in such cellular protection are controversial (e.g. [16] [17] [18] [19] [20] ). Mug/TDG, which removes or is expected to remove EC, respectively, might also be involved in such a function. Moreover, two other glycosylases, Fpg and α-hOgg1, have been shown to substantially protect mammalian cells against BCNU damage [64] , possibly due to their repair of ring-opened secondary lesions derived from BCNU damage.
It has been known that for a number of glycosylases, the presence of a 5' AP endonuclease can stimulate their activity [43] , although such interaction and its mechanism is still not fully understood. Among these enzymes is the Mug protein, which is basically a single turnover enzyme [47] . In this study, we found that E. coli Endo IV could stimulate the EC activity of Mug by more than two-fold. We have also shown that the stimulation of Mug activity occurred with another 5' AP endonuclease in E. coli, Exo III. Moreover, Exo III had a 2.7-fold higher stimulatory effect on the EC activity than did Endo IV ( Figure 4A ).
Considering the fact that Exo III is the major 5' AP endonuclease in E. coli, the overall stimulatory effect in vivo by Exo III would be expected to be greater than the Endo IV- 
